Tumor necrosis factor-a (TNF-a) is a pleiotropic cytokine that has an important role in a variety of physiological and pathological processes such as immune and inflammatory responses. 1 One of the most commonly observed activities of TNF-a is induction of apoptosis in different tissues and cell types. TNF-a-induced apoptosis is mediated by its interactions with cell-surface receptors such as TNF receptor 1 and TNF receptor 2 (extrinsic pathway), and mitochondrial dysfunction (intrinsic pathway). 1 These two pathways cross talk through the actions of the BH3-only Bcl-2 family member Bid. 2 Recent studies suggest the existence of multiple crosstalk mechanisms in TNF-a-induced apoptosis. 3 Although a number of proapoptotic proteins can be induced by TNF-a, 1 it has remained unclear how TNF-a triggers an apoptotic response.
Nuclear factor-kB (NF-kB) is the best-known mediator of TNF-a-associated cellular response. NF-kB is a group of dimeric transcription factors comprising members of the NF-kB/Rel family, including p50, p52, p65 (Rel-A), Rel-B, and c-Rel. 4 Although p50 and p65 regulate the canonical NF-kB pathway, p52 and Rel-B are components of the noncanonical NF-kB pathway. The activity of NF-kB is normally kept in check by the IkB family of inhibitors, which bind to and sequester NF-kB in the cytoplasm. 5 Activation of NF-kB is triggered by IkB phosphorylation by IKK kinases and subsequent proteasomal degradation, which allows NF-kB to translocate to the nucleus, where it binds to the kB consensus sequences and modulates numerous target genes. 6 A large body of evidence has demonstrated a protective role of NF-kB in TNF-a-induced apoptosis in most tissues and cell types. For example, targeted deletion of p65 in mice leads to increased apoptosis in several tissues. 7 The protection by NF-kB is due to transcriptional activation of a number of antiapoptotic proteins, such as c-FLIP, Bcl-2, Bcl-X L , cIAP2, and A1/Bfl-2. 6 Cells without appropriate NF-kB activation can be eliminated by death-inducing signaling complex-mediated apoptosis through the extrinsic pathway. 6 Conversely, NF-kB has been found to promote apoptosis under certain conditions by activating the expression of proapoptotic proteins, such as p53, Fas, Fas ligand, death receptor 4, and death receptor 5. 8, 9 However, the mechanisms and physiological significance of NF-kB in apoptosis regulation remain controversial and poorly understood. 10 p53 upregulated modulator of apoptosis (PUMA) is a downstream target of p53 and a BH3-only Bcl-2 family member. 11, 12 It is induced by p53 following exposure to DNA-damaging agents, such as g-irradiation and commonly used chemotherapeutic drugs. 11, 12 It is also activated by a variety of nongenotoxic stimuli independent of p53, such as serum starvation, kinase inhibitors, glucocorticoids, endoplasmic reticulum stress, and ischemia/reperfusion. 13, 14 The proapoptotic function of PUMA is mediated by its interactions with antiapoptotic Bcl-2 family members such as Bcl-2 and Bcl-X L , 15 which lead to Bax/Bak-dependent mitochondrial dysfunction and caspase activation. 16 Studies using PUMAknockout (PUMA-KO) human somatic cells and mice revealed that PUMA is essential for DNA damage-induced and p53-dependent apoptosis. [17] [18] [19] However, the mechanisms and functions of p53-independent PUMA induction remain unclear.
Because PUMA is involved in ischemia/reperfusioninduced intestinal injury, 14 which can induce an inflammatory response, we investigated whether it is regulated by inflammatory cytokines. In this study, we demonstrated that PUMA is directly activated by NF-kB in response to TNF-a treatment in a p53-independent manner, and that PUMA is a critical mediator of TNF-a-induced apoptosis in vitro and in vivo.
Results p53-independent induction of PUMA by TNF-a. To determine the role of PUMA in TNF-a-induced apoptosis, HCT116 colon cancer cells were treated with 20 ng/ml of TNF-a. Both PUMA mRNA and protein were induced by TNF-a within several hours, with the peak level of PUMA mRNA induction at 12 h (Figure 1a) , and that of protein at 24 h (Figure 1b) . To determine whether p53 is involved in PUMA induction, we exposed isogenic HCT116 cells with a knockout of p53 (p53-KO) or a deletion of the p53-binding site in the PUMA promoter (BS-KO) 20 to TNF-a. Induction of PUMA mRNA and protein was unaffected in these cells (Figure 1c and d) . TNF-a treatment resulted in PUMA induction in six additional colon cancer cell lines regardless of their p53 status (Figure 1e ). The induction of PUMA by TNF-a was also independent of FoxO3a (Supplementary Figure S1a) , another transcription factor that can activate PUMA. 21 Furthermore, several other BH3-only proteins, including Bad, Bim, and Noxa but not Bid, were induced by TNF-a in the parental and p53-KO HCT116 cells (Supplementary Figure S1b) . These observations demonstrated that TNF-a induces the expression of BH3-only proteins including PUMA through p53-independent mechanisms.
p53-independent induction of PUMA by p65. To identify the transcription factors that mediate PUMA induction in response to TNF-a, we subjected the DNA sequence of the PUMA promoter to bioinformatics analysis. Potential binding sites of several transcription factors known to mediate TNF-a response were identified, including those the NF-kB, ATF, IRF, and CREB families. Expression constructs of representative members of each family were transfected into cells (Supplementary Figure S2) , and only the p65 p65 is necessary for PUMA induction by TNF-a. To determine whether NF-kB is necessary for the induction of PUMA by TNF-a, we first used BAY 11-7082, an inhibitor of the IKK kinases that are responsible for NF-kB activation. BAY 11-7082 pretreatment abrogated IkBa phosphorylation (S32/36) and degradation following TNF-a treatment (Supplementary Figure S3a) , and suppressed subsequent PUMA induction and p65 nuclear translocation (Figure 3a) . A nondegradable IkBa superrepressor mutant (S32/36A; IkBaM), 22 which can specifically bind to and inhibit NF-kB, blocked PUMA induction by TNF-a and p65 nuclear translocation (Figure 3b ). p65 siRNA but not the control siRNA abrogated PUMA induction by TNF-a in HCT116 cells (Figure 3c ). Furthermore, PUMA induction by TNF-a in mouse embryonic fibroblast (MEF) cells was also found to be p65 dependent, but p53 independent (Figure 3d -f; Supplementary Figure S3b) . The above data collectively indicate that p53-independent induction of PUMA by TNF-a is mediated by p65 through the canonical NF-kB pathway.
p65 directly binds to the PUMA promoter to activate PUMA transcription in response to TNF-a. To determine whether p65 directly regulates PUMA expression at the transcriptional level, we constructed and analyzed a luciferase reporter construct containing the putative kB site in the PUMA promoter (Figure 4a ). TNF-a treatment or co-transfection with p65 markedly activated the PUMA reporter (Figure 4b and c). Pretreating cells with the NF-kB inhibitor BAY 11-7082 blunted the activation of PUMA reporter by TNF-a (Figure 4d ). Transfecting cells with the IkBa superrepressor mutant, but not the control pcDNA vector, also inhibited the activation of PUMA reporter (Figure 4e) . Importantly, introducing mutations into the kB site abolished the responsiveness of the reporter to TNF-a treatment or p65 transfection (Figure 4a-c) . Chromatin immunoprecipitation (ChIP) experiments showed that recruitment of p65 to the PUMA promoter region containing the kB site was greatly enhanced following TNF-a treatment for 6 h (Figure 4f ). Together, these results indicate that p65 directly binds to the kB site in the PUMA promoter to drive its transcriptional activation in response to TNF-a treatment.
PUMA-dependent apoptosis induced by TNF-a in colon cancer cells. Only low levels (o20%) of apoptosis were detected in colon cancer cells following TNF-a treatment. This might be due to simultaneous induction of the antiapoptotic NF-kB targets by TNF-a, such as Bcl-2 and Bcl-X L (Figure 5a ), in addition to PUMA. Indeed, knockdown of Bcl-X L by siRNA, but not that of cIAP1 or Mcl-1, led to a significant increase in TNF-a-induced apoptosis (Figure 5b ; Supplementary Figure S4a and S4b), consistent with the previous finding that Bcl-X L is the major survival factor in colon cancer cells. 15 However, the effect of Bcl-X L knockdown on apoptosis induction was much reduced in the previously described PUMA-KO HCT116 cells (Figure 5b ). 17 Analysis of apoptosis using annexin V/propidium iodide (PI) staining confirmed this difference ( Figure 5c ). The critical function of PUMA is not cell line specific, as TNF-a-induced apoptosis following Bcl-X L knockdown was also significantly attenuated in the previously described PUMA-KO DLD1 colon cancer cells, 20 compared with the WT DLD1 cells (Figure 5d ). TNF-a-induced caspases 3, 8, and 9 activation; Bid cleavage; and release of cytochrome c were also suppressed in the PUMA-KO cells (Figure 5e and f), indicating that PUMA mediates TNF-a-induced apoptosis by promoting cytochrome c release and caspase activation through the mitochondrial pathway. We then analyzed FADD, an adapter protein that mediates TNF-a-induced apoptosis through the extrinsic pathway. 1 Stable transfection of a dominant-negative (DN) FADD mutant slightly lowered TNF-a-induced apoptosis, but did not affect PUMA-dependent apoptosis following Bcl-X L knockdown (Figure 5g ). The expression of DN FADD also left TNF-a-induced PUMA induction, p65 phosphorylation, and IkBa degradation intact (Supplementary Figure S4c) . These results suggest that NFkB-mediated PUMA induction represents a novel mechanism mediating TNF-a-induced apoptosis, and that overexpression of Bcl-X L can compromise TNF-a-induced and PUMAmediated apoptosis.
PUMA is necessary for TNF-a-induced apoptosis in the intestinal epithelium. To determine the role of PUMA in TNF-a-induced apoptosis in vivo, we, on the basis of previous studies, 23, 24 intravenously (i.v.) injected TNF-a at several doses (2, 4, and 10 mg; n ¼ 3) in WT and PUMA- KO mice. We first investigated whether PUMA contributes to TNF-a-induced apoptosis in the small intestine, which is susceptible to PUMA-or TNF-a-mediated tissue injury. 14, 23 The expression of PUMA was elevated following TNF-a treatment ( Figure 6a ; Supplementary Figure S5a ), which was inhibited by BAY 11-7082 ( Figure 6b ). In addition, other Bcl-2 family members, including Bcl-X L and Bim, were also induced by TNF-a in the small intestine (Supplementary Figure S5b) . Dose-dependent apoptosis was observed in the crypts and villi of the WT mice at 8 h following TNF-a treatment (Figures 6c and d; Supplementary Figure S5c) . In contrast, TNF-a-induced apoptosis was blocked to a large extent (60-90%) in the crypts and villus epithelium (Po0.001), but only slightly attenuated in the villus-inside of PUMA-KO mice (Figure 6c and d) . TNF-a-induced caspase 3 activation was almost completely blocked in the crypts and villus epithelium of the PUMA-KO mice (Figure 6e ; Supplementary Figure S5d) .
PUMA mediates TNF-a-induced hepatocyte apoptosis. We then extended the analysis to the liver, in which pathological conditions are often associated with deregulation of TNF-a-induced apoptosis. The expression of PUMA, but not that of other BH3-only proteins, was increased in the liver of WT mice following TNF-a treatment for 8 h (Figure 7a (Figure 7b ). TNF-a induced dose-dependent apoptosis in WT hepatocytes, but apoptosis was blocked by 50-70% in the PUMA-KO mice (Figure 7c and d) . Furthermore, caspase 3 activation induced by TNF-a at different doses was abrogated in the hepatocytes of PUMA-KO mice (Figure 7e and f; Supplementary Figure S6c) , indicating that PUMA mediates TNF-a-induced hepatocyte apoptosis. Analyses of additional organs revealed that the apoptotic response to TNF-a was also decreased in the colon, but not altered in the lung, of PUMA-KO mice (Supplementary Figure S7) .
TNF-a-induced and PUMA-dependent apoptosis in thymocytes. TNF-a can induce apoptosis in mouse thymocytes. 25 TUNEL staining revealed more than two fold reduction in apoptosis in PUMA-KO thymocytes compared to WT ones (Figure 8a and b) . Cell loss and apoptosis were also reduced in the spleens of PUMA-KO mice compared to WT mice (data not shown). To further investigate the role of PUMA in thymocyte apoptosis, we isolated primary thymocytes from WT and PUMA-KO mice and treated them with TNF-a at several concentrations (5-100 ng/ml). Both PUMA mRNA and protein were induced in WT thymocytes following TNF-a treatment (Figure 8c and d) . WT thymocytes in culture underwent spontaneous apoptosis, which is partially PUMA dependent (Supplementary Figure S8) . TNF-a treatment induced apoptosis in WT thymocytes, but had little effect on PUMA-KO thymocytes (Figure 8e ), indicating that TNF-a-induced apoptosis in thymocytes is PUMA dependent.
Discussion
In this study, we identified PUMA as a novel target of NF-kB and a critical mediator of TNF-a-induced apoptosis in vitro and in vivo. PUMA mRNA and protein were consistently activated in cells treated with TNF-a. The induction of PUMA by TNF-a required the p65 subunit of NF-kB, and was mediated by a kB site located in the distal region of the PUMA promoter. These results established the first case of direct regulation of a BH3-only Bcl-2 family member by NF-kB in the TNF-a response. Previous studies have shown that PUMA can be induced by p53 in response to DNA-damaging agents, such as g-irradiation and commonly used chemotherapeutic drugs, 20 by the p53 homologue p73 in response to serum starvation, 26 and by the transcription factor FoxO3a in response to cytokine/growth factor withdrawal. 21 Our study revealed a new PUMA induction mechanism, which may be important in apoptosis triggered by inflammatory cytokines.
It was unexpected that NF-kB-mediated PUMA induction by TNF-a was completely p53 independent, considering the well-established cross talk between p53 and NF-kB in regulating gene expression. 27 The p52 subunit, which is a component of the noncanonical NF-kB pathway, was found to cooperate with p53 in regulating p53 target genes including PUMA. 28 However, the regulation of these genes by p52 seemed to suppress, rather than promote cell death. 28 A recent study showed that phosphorylation of CREB-binding protein (CBP) by IKKa suppresses p53-mediated gene expression by switching the binding preference of CBP from p53 to NF-kB. 29 Such a mechanism may be engaged in directing p65, instead of p53, to the PUMA promoter in response to TNF-a treatment. Several studies have shown that in some circumstances p53 and p65 can cooperatively induce apoptosis. 30, 31 Because PUMA is one of the most potent inducers of apoptosis, 11 such cooperative effects may result from coordinated induction of PUMA by p53 and p65. Activation of NF-kB is known to render cancer cells resistant to anticancer drugs. Inhibition of NF-kB has been explored as an attractive approach for anticancer therapies. 32 However, our data suggest that NF-kB inhibition can compromise PUMA induction by inflammatory cytokines, which may be involved in tumor suppression and be beneficial for anticancer therapies.
PUMA is necessary for TNF-a-induced apoptosis as it functions as a novel link between the extrinsic and intrinsic apoptotic pathways. On activation by NF-kB through cell death receptors, PUMA promotes caspase activation and cytochrome c release. Among the BH3-only Bcl-2 family members, only Bid has been shown to have similar activity. In most circumstances, TNF-a is not an effective inducer of apoptosis in cultured cells, likely due to simultaneous induction of both proapoptotic and antiapoptotic proteins by NF-kB. Studies of TNF-a-induced apoptosis often rely on using transcription or translation inhibitors, which nonspecifically inhibit gene expression and often complicate data interpretation. We found that TNF-a simultaneously induced PUMA and the antiapoptotic proteins Bcl-2 and Bcl-X L in colon cancer cells. The apoptotic effect of NF-kB-mediated PUMA induction could be unmasked by inhibition of Bcl-X L , which is a potent survival factor and one of the commonly overexpressed genes in colorectal cancer. 15 Previous studies found that NF-kB can induce both antiapoptotic and proapoptotic genes in neuronal cells, 33 implying that the paradoxical activity of NF-kB in apoptosis is physiological, and is likely to be prevalent. Bcl-X L overexpression can neutralize the proapoptotic activity of PUMA, which may allow preneoplastic cells to evade the killing effects of inflammatory cytokines.
TNF-a administration into mice induced PUMA expression and PUMA-dependent apoptosis in tissues including small intestine and liver. Induction of PUMA by TNF-a in these tissues could be inhibited by the NF-kB inhibitor BAY 11-7082, suggesting that NF-kB can promote TNF-a-induced apoptosis by activating PUMA in these tissues. However, the induction of PUMA by TNF-a in vivo may involve more complicated mechanisms than that in colon cancer cells, and may engage other transcription factors. Whether PUMA induction in these tissues requires NF-kB needs to be further examined using more physiological systems including genetic models. In small intestine, PUMA was required for TNF-a-induced apoptosis in villus epithelial cells but not in villus-inside cells, which is similar to g-irradiation-induced apoptosis reported in our recent study. 34 Intestinal mucosal inflammation, which is initiated and perpetuated by cytokines in particular TNF-a, is associated with pathological conditions such as intestinal epithelial damage and inflammatory bowel disease. As a mediator of TNF-a-induced apoptosis, PUMA may contribute to inflammation-induced apoptosis and tissue damage, which is supported by our recent finding that PUMA is necessary for small intestinal apoptosis and tissue injury caused by ischemia/ reperfusion, an inducer of inflammatory response.
14 In contrast to our hepatocyte findings, a number of previous studies indicate a protective role of NF-kB in TNF-a-induced hepatocyte apoptosis. 35 This difference may be explained by the doses of TNF-a (2-10 mg) used in our study, which were intended for studying intestinal apoptosis, 23, 24 but higher than those normally used for inducing liver apoptosis. TNF-a at the doses we used may cause liver injury and an acute inflammatory response that triggers PUMA-dependent apoptosis. It would be interesting to further explore the connection between inflammation and tissue injury using PUMA-deficient mice.
PUMA deficiency suppressed TNF-a-induced apoptosis in the thymus, an essential immune response organ where T cells are produced and activated. NF-kB can promote thymocyte and T-cell apoptosis, which is critical for shaping the T-cell repertoire during thymocyte ontogeny. Our data suggest that the apoptotic effect of NF-kB in thymocytes is in part mediated by PUMA. The PUMA-dependent thymocyte apoptosis we observed may also involve other biological molecules induced by TNF-a, such as glucocorticoids. It has been shown that the glucocorticoid dexamethasone induces PUMA-dependent apoptosis in mouse thymocytes. 18, 19 Studies from other groups showed a critical role of PUMA in thymocyte and lymphocyte apoptosis in different settings. For example, PUMA is required for thymocyte apoptosis induced by g-irradiation and growth factor deprivation. 18 Total thymocyte number is significantly increased in mice deficient in both PUMA and Bim. 36 PUMA can also complement the function of Bim in controlling T-cell apoptosis in the termination of immune response. 37 In summary, we demonstrated that PUMA is a direct target of NF-kB and a critical mediator of TNF-a-induced apoptosis in vitro and in vivo. Our data suggest that PUMA functions as a novel link between the extrinsic and intrinsic apoptotic pathways.
Materials and Methods
Cell culture and drug treatment. The human colorectal cancer cell lines, including HCT116, RKO, LOVO, Lim2405, which contain WT p53, and HT29, DLD1, and SW480, which contain mutant p53, 11 were obtained from American Type Culture Collection (Manassas, VA, USA). p53-KO HCT116 cells were previously described, 11 and were obtained from Dr. Bert Vogelstein (Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins). p53-binding site knockout (BS-KO) HCT116 cells were previously described. 20 Immortalized WT, p53-KO, and p65-knockout (p65-KO) MEF cells were previously described. 38 Colon cancer cells were maintained in McCoy's 5A medium (Invitrogen, Carlsbad, CA, USA). MEF cells were cultured using Dulbecco's modified Eagle's medium (BioWhittaker, Walkersville, MD, USA). All cell culture media were supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA), 100 U/ml of penicillin, and 100 mg/ml of streptomycin. Cells were maintained at 371C in 5% CO 2 atmosphere.
Cells were plated in 12-well plates at 20-30% density 24 h before treatment. Human TNF-a (R&D system, Minneapolis, MN, USA) was diluted with appropriate cell culture media. In some experiments, cells were pretreated with 10 mM of the NF-kB inhibitor BAY 11-7082 (Calbiochem, San Diego, CA, USA) 1 h before addition of TNF-a.
Transfection and reporter assays. Transfection was performed with Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. siRNA transfection was performed 24 h before TNF-a treatment. siRNA duplexes, including FoxO3a siRNA (ON-TARGETplus siRNA J-003007-10), the previously described p65 siRNA, 39 Bcl-X L siRNA, 15 and the control scrambled siRNA, were from Dharmacon (Chicago, IL, USA).
PUMA luciferase reporter construct was generated by cloning a genomic fragment (Frag D; base 1470-2192 5 0 to exon 1a) containing a kB site in the PUMA promoter into the pBV-Luc plasmid as previously described. 26 Mutations were introduced into the kB site using QuickChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA). For reporter assays, cells were transfected with WT or mutant PUMA reporter along with the transfection control b-galactosidase reporter pCMVb (Promega, Madison, WI, USA). Cell lysates were collected and luciferase activities were measured as previously described. 11 All reporter experiments were performed in triplicate and repeated at least three times. p65 expression construct was obtained from Dr. David Derse at the National Cancer Institute, Frederick, MD, USA. IkBa superrepressor mutant (S32/36A; IkBaM) was previously described. 22 The DN FADD construct was previously described, 40 and obtained from Dr. Shi-Yong Sun at Emory University. Stable HCT116 and PUMA-KO cell lines expressing DN FADD were established by G418 (0.4 mg/ml) selection following DN FADD transfection as previously described. 15 Expression vectors of several transcription factors, including CREB, IRF1, IRF2, IRF3, ATF1, ATF2, and ATF3, were constructed by cloning full-length cDNA fragments generated from reverse transcriptase (RT)-PCR into pcDNA3.1 vector. The inserts were verified by sequencing. The primer sequences are available on request.
Western blotting and antibodies. Western blotting was performed as previously described. 20 Antibodies included those against human PUMA, 17 murine PUMA (Abcam, Cambridge, MA, USA), human p53 (DO-1), Mcl-1, p65, IkBa and Lamin A/C (Santa Cruz Biotechnology, Santa Cruz, CA, USA), human phospho-p65 (Ser536), phospho-IkBa (Ser32/36), active caspase 3, caspase 8, and caspase 9 (Cell Signaling Technology, Danvers, MA, USA), cIAP1 (R&D Systems), Bim and Noxa (EMD Biosciences, Gibbstown, NJ, USA), Bad, FADD, and a-tubulin (BD Biosciences, San Diego, CA, USA). The Bid antibodies were a gift from Dr. Xiao-Ming Yin at University of Pittsburgh.
Reverse transcriptase-PCR and chromatin immunoprecipitation. Total RNA was isolated from treated cells using the RNAgents Total RNA Isolation System (Promega). First-strand cDNA was synthesized from 10 mg of total RNA using Superscript II reverse transcriptase (Invitrogen). PUMA cDNA was amplified using the primers 5 0 -CGACCTCAACGCACAGTACGA-3 0 , and 5 0 -AGGCACCTAATTGGGCTCCAT -3 0 . Real-time RT-PCR was performed in an MJ Mini Personal thermocycler (Bio-Rad, Hercules, CA, USA) using the same PUMA primers with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control. The cycle conditions are available on request.
ChIP was performed using the Chromatin Immunoprecipitation Assay kit (Upstate Biotechnology, Lake Placid, NY, USA) as previously described. 20 The precipitates were analyzed by PCR using primers 5 0 -CATGTAAGTGATGTCAT ATGTC -3 0 and 5 0 -CTTCCTGGTCTTTTCCAAACT-3 0 .
Analysis of apoptosis. After treatment, cells were collected at different time points. For analysis of apoptosis by nuclear staining, cells were resuspended and fixed in PBS solution containing 3.7% formaldehyde, 0.5% Nonidet P-40, and 10 mg/ml Hoechst 33258 (Invitrogen). Apoptosis was assessed through microscopic visualization of condensed chromatin and micronucleation as described. 16 For analysis of apoptosis by annexin V/PI staining, cells were stained by annexin Alexa 488 (Invitrogen) according to the manufacturer's instructions, counterstained by PI for cell nuclei, and then analyzed by flow cytometry as described. 20 For analysis of cytochrome c release, mitochondrial and cytosolic fractions were isolated by the differential centrifugation method previously described, 20 and probed by western blotting for cytochrome c.
Animal experiments. The procedures of all animal experiments were approved by the Institutional Animal Care and Use Committee at University of Pittsburgh. Weight-matched and 6 to 8 week-old WT (PUMA þ / þ ) and PUMA-KO (PUMA À/À ) littermates on C57BL/6 background were generated by heterozygote breeding and identified by PCR genotyping as previously described. 14, 18, 34 The mice were housed in micro isolator cages and allowed access to water and chow ad libitum.
Mice were i.v. injected with 2, 4, or 10 mg of recombinant murine TNF-a (ProSpec-Tany TechnoGene, Rehovot, Israel) in 400 ml PBS. The control animals were injected with PBS. In some experiments, mice were injected with 200 mg of the NF-kB inhibitor BAY 11-7082 (Calbiochem) 1 h before TNF-a injection. Mice were killed at 8 h after TNF-a injection. Three mice were used in each group.
TUNEL and immunostaining. After killing the animals, tissues were removed and rinsed with ice-cold PBS, and fixed in 10% neutral buffered formalin. The fixed tissues were embedded in paraffin and sectioned. Histological analysis was performed by hematoxylin and eosin staining. TUNEL staining was performed using ApopTag kit (Chemicon International, Temecula, CA, USA) according to the manufacturer's instructions. For thymocytes, the apoptotic index (%) was scored as the percentage of TUNEL-positive cells. For hepatocytes, apoptosis was scored by counting TUNEL-positive cells in at least 10 randomly selected fields. For small intestine, apoptosis was scored for crypt, villus epithelium, and villus-inside by counting TUNEL-positive cells in 20 randomly selected crypts or villi.
Active caspase 3 immunohistochemistry (IHC) was performed as previously described, 34 with an active caspase 3 antibody (Cell Signaling Technology) at 1 : 100 dilution at room temperature for 2 h. The signals were detected with ABC and DAB kits (Vector Laboratory, Burlingame, CA, USA). The sections were counterstained with hematoxylin.
Bioinformatics and statistical analyses. Transcription factor binding sites in the PUMA promoter region were identified using the TF Search Program (http://mbs.cbrc.jp/research/db/TFSEARCH). Statistical analysis was performed using GraphPad Prism IV software (GraphPad Software, La Jolla, CA, USA). Data were analyzed by unpaired t-test or ANOVA in which multiple comparisons were performed using the least-significant difference method. P-values o0.05 were considered to be statistically significant. The means±one standard deviation (S.D.) are displayed in the figures.
